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Necrotizing enterocolitis (NEC) is a 
common and devastating disease 
of premature infants. Immaturity of the 
innate immune system of the gut is cen- 
tral to the pathogenesis of NEC. Recent 
studies suggest a key role for Paneth cells 
in this disease. Addressing basic ques- 
tions on the development and function of 
immature Paneth cells may shed light on 
the puzzling pathophysiology of NEC. 
Current animal models of NEC are lim- 
ited in their capacity to answer these 
questions. 

Paneth cells are highly specialized secre- 
tory cells located at the base of the crypts 
of Lieberkiihn in the small intestine that 
play a central role in intestinal innate 
immunity. Paneth cell granules contain 
high concentrations of antimicrobial pep- 
tides and various immune mediators that 
are released into the intestinal lumen to 
shape the intestinal microbiota and protect 
the intestinal epithelium and its stem cells 
against pathogens. 1 In the human fetus, 
Paneth cells first appear in the first trimes- 
ter, mature by the current age of viability 
(22—24 weeks gestation), and increase in 
numbers by term gestation. The role of 
Paneth cells in utero is unknown given 
that there are few, if any, bacteria in the 
fetal gut. Microbial colonization of the 
intestine of the premature infant begins 
at birth, and the dynamics differ signifi- 
cantly from that of the term infant due to 
antibiotic exposure, environmental factors 
including those due to prolonged hospital- 
ization, and immaturity of virtually every 
aspect of neonatal intestinal immunity 
(including Paneth cell function). 

The distribution of Paneth cells along 
the healthy intestine reflects the differing 
physiology of the small intestine and the 



colon. Small bowel function requires villi 
with enterocytes, goblet cells and entero- 
endocrine cells to perform the primary 
roles of digestion and absorption of nutri- 
ents. 2 Here, the mucus layer is relatively 
thin and non-homogeneous. 3 Paneth 
cells likely fortify this vulnerable mucosal 
surface with its rapid turnover, keeping 
microbes at bay. 1 In the colon, however, 
there are no villi; the crypts are lined with 
epithelial cells, most notably goblet cells 
that produce a thick layer of mucus to 
shield the mucosa from exposure to the 
high numbers of bacteria. 3 Paneth cells are 
generally absent, but metaplastic Paneth 
cells are sometimes observed in the colon, 
especially in diseases of dysbiosis (aberra- 
tions in the composition of the intestinal 
microbiota) such as inflammatory bowel 
disease. 4 

Necrotizing enterocolitis (NEC) is a 
common and devastating disease of pre- 
mature infants that appears to result from 
a combination of immaturity of intesti- 
nal defenses, enteral feeding and dysbio- 
sis. 5 Careful studies of the potential role 
of Paneth cells in NEC over the past 15 y 
have yielded unclear and sometimes seem- 
ingly contradictory results. Early studies 
comparing premature infants with NEC 
to control infants with intestinal atre- 
sia demonstrated an apparent decrease 
in lysozyme-staining Paneth cells in one 
study, 6 and an apparent increase in Paneth 
cell numbers and human defensin 5 at 
the mRNA level, but not at the protein 
level, in another. 7 Subsequently, investiga- 
tors have shown a decrease in lysozyme- 
staining Paneth cells 8 and total Paneth 
cells (by histology) 9 in premature infants 
with NEC compared with premature 
infants with spontaneous intestinal perfo- 
ration (a clinically distinct entity usually 
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Table 1. Early 


animal models of NEC 






Animal 


Age at 
intervention 


Intervention 


Gross pathology 


Microscopic Pathology 


Mouse 18 


6-10 weeks 


PAF 


Mild: focal congestion 
Severe: necrosis 


Villous necrosis 


Rat 19 


Young adult 


PAF + LPS (intra-aortic) 


Hemorrhagic necrosis of seg- 
ments of jejunum and ileum 


Mild: focal necrosis, often confined to the tips of villi 
Severe: transmural necrosis, complete loss of villi 


Rabbit (loop 
of colon) 20 


6-8 weeks 


Infusion of low pH fatty 
acids +/- increased 
intraluminal pressure 


Pallor, edema 


Crypt necrosis, inflammatory cell infiltrate, focal 
hemorrhage, mucosal ulceration 


Piglet 

(term) 21 


12-48 h 


Hypoxia + hypothermia 




Villous necrosis, inflammatory cell infiltrate, mucosal 
ulceration 


Quail 22 


13d 


Lactose + C. butyricum 


Hemorrhage, pneumatosis 


Congestion, inflammatory infiltrate, mucosal hyper- 
plasia, hemorrhagic ulcerations, focal necrosis 



Table 2. Current animal models of NEC 



Animal 


Age at 
intervention 


Intervention 


Gross pathology 


Microscopic pathology 


Mouse 23 


< 12 h 


E. faecalis + hypoxia + hypothermia 
+ formula feeding 




Transmural coagulative necrosis with 
villous sloughing 


Mouse 24 


10-12 d 


PAF + LPS 




Mild: separation of submucosa 
Severe: transmural injury 


Mouse 9 


14-16 d 


Dithizone + K. pneumonia 




Mucosal edema, loss of villi, 
intramural air, transmural necrosis 


Rat (preterm) 25 


2h 


Hypoxia + Hypothermia + formula 
feeding 




Mild: submucosal edema 
Severe: transmural necrosis, loss of villi 


Piglet 
(preterm) 26 


Birth 


Total parenteral nutrition + enteral 
formula feeding 


Hyperemia, edema, hemorrhage, 
pneumatosis, necrosis 


Mild: hyperemia with stunted villi 
Severe: transmural necrosis 



PAF, platelet activating factor; LPS, lipopolysaccharide. 



occurring in the first week of life in pre- 
mature infants and often associated with 
the administration of indomethacin and/ 
or corticosteroids). Lysozyme-staining 
Paneth cells were decreased, 8 or not sig- 
nificantly different, 10 in premature infants 
with NEC compared with preterm infants 
with atresia or other non-inflammatory 
intestinal disease. Following surgery for 
either NEC or atresia, Paneth cell num- 
bers appear to increase and colonic Paneth 
cell metaplasia is common. 10 

These observations generate many 
questions: is the increase in mRNA 
expression of Paneth cell antimicrobial 
peptides in premature infants and rat pups 
an unsuccessful attempt by the imma- 
ture innate immune system to respond to 
NEC? Are the differences between mRNA 
expression and protein expression due to 
an increase in secretion, or alternatively a 



defect in granule-formation that predis- 
poses the premature infant to NEC? Is the 
apparent decrease in Paneth cell numbers 
in NEC an artifact of Paneth cell detec- 
tion related to secretion /degranulation, or 
truly a reflection of decreased cell popula- 
tions? One of the major challenges of using 
human tissues to determine NEC patho- 
genesis is the highly variable quality of 
tissue that can be obtained at surgery due 
to varying degrees of necrosis. Paneth cell 
identification usually depends on either 
histologic identification based on location 
at the base of the crypts and presence of 
plump secretory granules, or on immu- 
nohistochemical identification of Paneth 
cell products such as lysozyme. Neither 
of these approaches may be adequate to 
identify immature or degranulated Paneth 
cells, as are likely present in premature 
and stressed neonates. To address the 



above questions, Paneth cell markers that 
are not linked to the secretory process or 
electron microscopy to trace the produc- 
tion, packaging, and secretion of Paneth 
cell products may be helpful. 

An alternative hypothesis is that the 
differentiation program or steady-state 
numbers of Paneth cells is disrupted, i.e., 
that dysfunction of Paneth cells may be 
an early event that predisposes the pre- 
mature infant to NEC. If so, this predis- 
position may be due either to inability of 
the Paneth cells to effectively shape the 
intestinal microbiota or inability of the 
Paneth cell to respond to invasive muco- 
sal pathogens. Animal models are a logical 
approach to addressing these hypotheses. 
Table 1 presents a summary of the early 
animal models of NEC. In Table 2 the 
most commonly used current models are 
presented, all of which have histologic 
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findings that are common in human NEC. 
Mouse models are appealing because of 
the tremendous possibilities for genetic 
manipulation, however the extremely 
small size of newborn mouse pups presents 
a significant challenge. Mice and rats do 
not have intestinal crypts at birth; these 
develop in the few days after birth. The 
mouse develops morphologically distinct 
Paneth cells at about the seventh day of 
life 11 and the rat at about day 11-14. 12 ' 13 
Consequently, models requiring younger 
pups will be unable to address the ques- 
tions posed above. Pigs develop intestinal 
crypts prenatally, similar in timing to the 
human fetus, however pigs normally do 
not develop Paneth cells. 14 The presence 
of Paneth cells in infected pigs is debated, 
but clearly the piglet model is not ideal to 
assess the role of Paneth cells in NEC. 

In the traditional rat model wherein 
NEC is triggered in four-day-old rat pups 
by formula feeding, hypoxia and hypo- 
thermia, expression of several Paneth cell 
antimicrobial molecules (including lyso- 
zyme, secretory phospholipase A2 and two 
peptides from the Reg37 family of lectins) 
is markedly increased at the mRNA level, 
but changes were not obvious at the pro- 
tein level with current methodologies. 15 
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Further investigations of the respon- 
siveness of immature Paneth cells to 
insults including ability to package and 
release Paneth cell products and ability to 
alter the intestinal microbiota (e.g., mouse 
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carpine or pathogens like K, pneumoniae) 
may shed light on these questions, and in 
turn, on the complex and puzzling patho- 
physiology of NEC. 

Disclosure of Potential Conflicts of Interest 

No potential conflicts of interest were 
disclosed. 

Acknowledgments 

Thanks to Charles L. Bevins MD, PhD for 
his critical review of the manuscript. This 
publication was supported by the Eunice 
Kennedy Shriver National Institute 
of Child Health and Development, 
the National Institute of Allergies and 
Infectious Diseases, and the National 
Institute of Diabetes and Digestive and 
Kidney Diseases (R01-HD059127). 

14. Dekaney CM, Bazer FW, Jaeger LA. Mucosal 
morphogenesis and cytodifferentiation in fetal 
porcine small intestine. Anat Rec 1997; 249:517- 
23; PMID:9415460; http://dx.doi.org/10.1002/ 
{SICI)1097-0185{199712)249:4<517::AID- 
AR12>3.0.CO;2-R. 

15- Underwood MA, Kananurak A, Coursodon CF, 
Adkins-Reick CK, Chu H, Bennett SH, et al. 
Bifidobacterium bifidum in a rat model of nec- 
rotizing enterocolitis: antimicrobial peptide and 
protein responses. Pediatr Res 2012; 71:546-51; 
PMID:22322385; http://dx.doi.org/10.1038/ 
pr.2012.11. 

16. Martinez Rodriguez NR, Eloi MD, Huynh A, 
Dominguez T, Lam AH, Carcamo-Molina D, et al. 
Expansion of Paneth cell population in response to 
enteric Salmonella enterica serovar Typhimurium 
infection. Infect Immun 2012; 80:266-75; 
PMID:22006567; http://dx.doi.org/10.1128/ 
IAI.05638-11. 

17. Gulati AS, Shanahan MT, Arthur JC, Grossniklaus 
E, von Furstenbetg RJ, Kreuk L, et al. Mouse back- 
ground strain profoundly influences Paneth cell 
function and intestinal microbial composition. PLoS 
One 2012; 7:e32403; PMID:22384242; http:// 
dx.doi.org/10.1371/journal.pone.0032403- 

18. Sun X, Caplan MS, Liu Y, Hsueh W. Endotoxin- 
resistant mice are protected from PAF-induced bowel 
injury and death. Role of TNF, complement activa- 
tion, and endogenous PAF production. Dig Dis Sci 
1995; 40:495-502; PMID:7895533; http://dx.doi. 
org/10. 1007/BF02064356. 

19- Gonzalez-Crussi F, Hsueh W. Experimental model 
of ischemic bowel necrosis. The role of platelet- 
activating factor and endotoxin. Am J Pathol 1983; 
112:127-35; PMID:6859226. 



564 



Gut Microbes 



Volume 3 Issue 6 



20. Garstin WI, Kenny BD, McAneaney D, Patterson 
CC, Boston VE. The role of intraluminal tension and 
pH in the development of necrotizing enterocolitis: 
an animal model. J Pediatr Surg 1987; 22:205-7; 
PMID:3559859; http://dx.doi.org/10.10l6/S0022- 
3468(87)80328-7. 

21. Cohen IT, Nelson SD, Moxley RA, Hirsh MP, 
Counihan TC, Martin RF. Necrotizing enteroco- 
litis in a neonatal piglet model. J Pediatr Surg 
1991; 26:598-601; PMID:2061817; http://dx.doi. 
org/10.10l6/0022-3468(91)907l6-7. 

22. Boussehoua H, Le Coz Y, Dabard J, Szylit O, Raibaud 
P, Popoff MR, et al. Experimental cecitis in gnotobi- 
otic quails monoassociated with Clostridium butyri- 
cum strains isolated from patients with neonatal 
necrotizing enterocolitis and from healthy newborns. 
Infect Immun 1989; 57:932-6; PMID:2917793- 



23- Tian R, Liu SX, Williams C, Soltau TD, Dimmitt 
R, Zheng X, et al. Characterization of a necrotizing 
enterocolitis model in newborn mice. Int J Clin Exp 
Med 2010; 3:293-302; PMID:21072263. 

24. Maheshwari A, Kelly DR, Nicola T, Ambalavanan 
N, Jain SK, Murphy-Ullrich J, et al. TGF-B2 
suppresses macrophage cytokine production and 
mucosal inflammatory responses in the develop- 
ing intestine. Gastroenterology 2011; 140:242-53; 
PMID:20875417; http://dx.doi.org/10.1053/j-gas- 
tro.2010.09.043. 

25. Khailova L, Dvorak K, Arganbright KM, Halpern 
MD, Kinouchi T, Yajima M, et al. Bifidobacterium 
bifidum improves intestinal integrity in a rat model 
of necrotizing enterocolitis. Am J Physiol Gastrointest 
Liver Physiol 2009; 297:G940-9; PMID:2050l44l; 
http://dx.doi.org/10.1152/ajpgi.00l4l.2009. 



26. Siggers J, Sangild PT, Jensen TK, Siggers RH, 
Skovgaard K, Stoy AC, et al. Transition from parenter- 
al to enteral nutrition induces immediate diet-depen- 
dent gut histological and immunological responses 
in preterm neonates. Am J Physiol Gastrointest 
Liver Physiol 2011; 30LG435-45; PMID:21700903; 
http://dx.doi.org/10.1152/ajpgi.00400.2010. 



www.landesbioscience.com 



Gut Microbes 



565 



